To elucidate the role of adipose tissue glucose uptake in whole-body metabolism, sc and visceral adipose tissue glucose uptake and perfusion were measured in 10 nonobese and 10 age-matched obese men with positron emission tomography using [
S
KELETAL MUSCLE IS the major site for insulin-stimulated glucose uptake in vivo (1, 2) . Besides myocytes, adipocytes are also highly insulin-responsive cells. Until recently, the major role of adipose tissue has been mostly regarded as lipid storage and mobilization. Accumulation of fat in the abdominal adipose tissue region is believed to be significant in the pathogenesis of insulin resistance syndrome (3) (4) (5) (6) (7) . Enlargement of the adipose cells is accompanied by high concentration of FFA in plasma and increased rate of fat oxidation leading to inhibition of glucose oxidation (8) .
In obese subjects, resistance to the effect of insulin to enhance glucose uptake in the adipose tissue has been demonstrated in vitro. The insulin receptor density is decreased (9, 10) and the glucose transport system is less effective because of a reduced number of glucose transporters in the intracellular pool (11) . Moreover, the ability of insulin to stimulate triglyceride synthesis and inhibit lipolysis in adipose tissue is impaired in obesity (12) . Although there is clear mechanistic evidence for insulin resistance in adipocytes, it is, however, still not clear to what extent this contributes to whole-body resistance to insulin-stimulated glucose uptake in obese subjects.
Studies on the effects of obesity on adipose tissue glucose metabolism and perfusion in vivo have given controversial results. When radioactive [ 14 C]glucose was given with glucose either intravenously (13) or orally (14) , its incorporation into sc adipose tissue was 1-4% of given glucose in lean individuals, and the incorporation was increased in the obese subjects (up to 20%) (13, 14) . In the study by Coppack et al. (15) in which postprandial adipose glucose uptake was estimated using A-V differences and the 133 Xe clearance technique, no differences between lean and obese subjects were found in glucose uptake per adipose tissue weight, although adipose tissue blood flow was 50% lower in the obese subjects. In vivo measurement of adipose tissue glucose metabolism using microdialysis showed evidence for substantial production of lactate in the sc adipose tissue (16, 17) and increased lactate production in obese subjects (18) . Intraabdominal fat depots cannot be reached by these methods. Thus, because of methodological limitations, the role of various adipose tissue depots for whole-body glucose homeostasis in insulin-resistant conditions is not yet clarified.
Positron emission tomography (PET), in combination with [ 18 15 O]-labeled water. The present study was designed to compare insulin-stimulated glucose uptake and perfusion rates in sc and visceral adipose tissue and skeletal muscle in obese and nonobese subjects to clarify the contribution of adipose tissue to total body glucose homeostasis and the insulin resistance in obesity.
Subjects and Methods Subjects
Ten obese [age 25-40 yr, body mass index (BMI) 27-34 kg/m 2 , waist to hip ratio Ͼ1.0] and 10 nonobese age-matched (BMI 19 -24 kg/m 2 , waist to hip ratio Ͻ1.0) males were recruited for the study. The characteristics of the study subjects are shown in Table 1 . The subjects were healthy as judged by history, physical examination, and routine laboratory tests, and they were not taking any medications. The nature, purpose, and potential risks of the study were explained to all subjects before they gave their written informed consent to participate. The Joint Commission of Ethics of the University of Turku and Turku University Central Hospital approved the study. The study was conducted according to Declaration of Helsinki principles.
Study design
The design of the study is shown in Fig. 1 . Studies were performed after an overnight fast. Caffeine and nicotine were prohibited for 24 h before the study. Alcohol consumption and fatty meals were avoided for 3 d, and strenuous physical activity was not allowed for 48 h before the study. All studies were performed in the supine position. O was injected iv and dynamic scanning was performed for 6 min (6 ϫ 5 sec, 6 ϫ 15 sec, 8 ϫ 30 sec frames). To determine the input function, blood from the radial artery was continuously withdrawn using a pump at a speed of 6 ml/min. The radioactivity concentration was measured using a two-channel detector system (Scanditronix, Uppsala, Sweden) calibrated to an automatic gamma counter (Wizard 1480, Wallac, Inc., Turku, Finland) and the PET scanner. At 60 min the dose of 0.18 -0.19 GBq [
18 F]FDG was injected iv over 60 sec and a 50-min dynamic scan of abdomen, the navel as the midpoint level, was simultaneously started (2 ϫ 30 sec, 4 ϫ 60 sec, 9 ϫ 300 sec frames). Thereafter, a femoral dynamic scan, the middle of a thigh selected for the midpoint level, for 20 min (6 ϫ 180 sec) was performed. Arterial blood samples for the measurement of plasma radioactivity were withdrawn once during each time frame and measured using the automatic gamma counter. Blood samples for the measurement of serum insulin and FFA and plasma lactate concentrations were taken every 30 min of the clamp study. (24) . The specific radioactivity at the end of the synthesis was more than 75 GBq/mol, and the radiochemical purity exceeded 98%.
Production of PET tracers

Image acquisition and processing
The subjects were positioned supine in a 15-slice ECAT 931/08-tomograph (Siemens/CTI Inc., Knoxville, TN). Technical in-plane resolution was 6.5 mm and axial resolution was 6.7 mm in the scanner. Before the emission scans, 5-min transmission scans in abdominal and femoral regions were performed for measuring photon attenuation with a removable ring source containing 68 Ge. All data were corrected for dead time, decay, and measured photon attenuation and reconstructed in a 128 ϫ 128 matrix. For image processing, a recently developed Bayesian iterative reconstruction algorithm using median root prior with 150 iterations and the Bayesian coefficient of 0.3 was applied (25, 26) . PET counts were converted to radioactivity concentration values (becquerel per milliliter) using a calibration factor derived from phantom studies.
Regions of interest (ROI)
The ROI were drawn on magnetic resonance imaging (MRI) scans and were located in sc, visceral, and perirenal regions in the abdominal area and in the sc adipose tissue in femoral region. The ROI were copied to the [ 15 Fig. 2 . In the femoral region, ROI were additionally drawn in the anteromedial muscle compartments in four cross-sectional slices, carefully avoiding large blood vessels (19) . Localization of the muscle compartments was verified by comparing the 
Measurement of adipose tissue blood flow
The arterial input curve was corrected for dispersion and delay, as previously described (27) . The autoradiographic method, a 250-sec integration time and partition value of 0.19 for adipose tissue, was applied to calculate blood flow pixel by pixel, as previously described (22, 27) .
Measurement of adipose tissue and skeletal muscle glucose uptake
The three-compartment model of [ 18 F]FDG kinetics was used as described earlier (19) . After transport into the cell, [ 18 F]FDG is phosphorylated by hexokinase and trapped (19, 28) . The fractional rate of tracer uptake was quantified by using graphical analysis of plasma and tissue (adipose tissue/skeletal muscle) time-activity curves (29) . Linear regression was used to determine the slope of the time-activity points between min 10 and 40 in abdominal area and between min 50 
MRI
The abdominal and femoral regions were imaged with a 0.23 T Outlook GP (Marconi Medical Systems Inc., Cleveland, OH) magnetic resonance imager using a body coil. Transverse T1-weighted field echo images with time repetition of 124 msec and time echo of 5 msec were obtained with the same pixel size as the PET images (128 ϫ 128). The level of the midslice and the upper and lower border of the area imaged were drawn on the skin of the subjects and the same imaging area was used in PET imaging to confirm congruent data between PET and MRI. On T1-weighted MR images, the adipose tissue is recognized as white, skeletal muscle as gray, water as dark gray, and bones and fast blood flow in vessels as black (Fig. 2) . Intraabdominal fat was divided into visceral and retroperitoneal fat by delineation along the dorsal borderline of the intestines and the ventral surface of the kidneys. Adipose tissue masses in abdominal region were measured as earlier described by Abate et al. (31) .
Whole-body glucose uptake
Whole-body glucose uptake as the glucose disposal rate was determined using the euglycemic hyperinsulinemic clamp technique, as previously described (32) . The rate of whole-body glucose uptake was calculated during the same period that the measurements of adipose tissue blood flow and glucose uptake were performed.
Biochemical analyses
Arterial and plasma glucose was determined in duplicate by the glucose oxidase method (Analox GM9 Analyzer, Analox Instruments, London, UK). Serum insulin concentrations were measured basally (fasting) and at 30-min intervals during insulin infusion using a doubleantibody RIA (Phadeseph Insulin RIA kit, Pharmacia & Upjohn, Uppsala, Sweden) with a detection limit of 15 pmol/liter. Plasma lactate and total serum cholesterol, triglycerides, and high-density lipoprotein cholesterol were measured using standard enzymatic methods (Roche Molecular Biochemicals, Mannheim, Germany) with a fully automated analyzer (Hitachi 704, Hitachi, Tokyo, Japan). Low-density lipoprotein serum cholesterol was calculated according to the equation by Friedewald (33) . Serum FFA were determined by an enzymatic method (ACS-ACOD method, Wako Chemicals, Neuss, Germany). Serum leptin was assayed by means of a 125 I RIA kit for human leptin (Linco Research, Inc., St. Charles, MO).
Anthropometric measurements
Height and weight were measured by standard procedures. Waist and hip circumferences were measured at the level midway between lowest rib and iliac crest in the midaxillary line and at the maximum circumference in the hip area in all subjects by the same investigator. Body fat content was estimated from four skinfolds (subscapular, triceps brachii, biceps brachii, and crista iliaca) as measured with caliper (34).
Statistical analyses
Results are expressed as the mean Ϯ sem. Statistical calculations were performed using the SAS statistical program package (SAS Institute, Inc., Cary, NC). Differences between the two groups were compared using a t test. One-way ANOVA was carried out to compare differences between adipose tissue depots. Pearson's correlation coefficients were calculated where appropriate. A two-tailed P value less than 0.05 was regarded as statistically significant.
Results
Metabolic characteristics during the studies
Fasting plasma glucose values were similar in both groups, but concentration of fasting serum insulin, triglycerides, and leptin were higher in the obese than in the nonobese subjects (Table 1) . During euglycemic hyperinsulinemic clamp, plasma glucose concentrations averaged 4.9 Ϯ 0.1 mmol/liter in both groups. Serum insulin concentrations were higher in the obese than in the nonobese subjects (475 Ϯ 22 vs. 383 Ϯ 21 pmol/liter, P Ͻ 0.05). Serum FFA concentrations were decreased in both groups by insulin but remained higher in the obese, compared with the nonobese. During insulin infusion, plasma lactate concentration increased slightly in the nonobese but not in the obese subjects (difference in the change between groups: P Ͻ 0.05).
Adipose tissue glucose uptake
In nonobese subjects, the rate of insulin stimulated glucose uptake per kilogram tissue was higher in visceral and perirenal fat depots (32.7 Ϯ 3.5 and 30.0 Ϯ 3.8 mol/kg⅐min Ϫ1 ) than in sc adipose tissue (16.7 Ϯ 3.4 mol/kg⅐min Ϫ1 , P Ͻ 0.05, sc vs. visceral or perirenal), but glucose uptake rates in abdominal and femoral sc areas were not different (Fig. 3) . During hyperinsulinemic clamp, rates of adipose tissue glucose uptake per kilogram tissue were 67% lower in abdom- inal sc, 58% lower in visceral, and 63% lower in perirenal adipose tissue (P Ͻ 0.01 obese vs. nonobese in all depots, Fig.  3 ). In obese subjects, the rate of insulin-stimulated glucose uptake per mass unit was more than 2-fold higher in visceral and perirenal adipose tissue than in sc fat (13.6 Ϯ 1.3, 11.2 Ϯ 1.9 vs. 5.6 Ϯ 0.5 mol/kg⅐min Ϫ1 , P Ͻ 0.05, Fig. 3 ).
Whole-body and skeletal muscle glucose uptake
Whole-body glucose uptake as the glucose disposal rate was measured during hyperinsulinemia. Compared with lean subjects, obese subjects had 49% lower whole-body glucose uptake (19.7 Ϯ 2.8 vs. 38.4 Ϯ 3.2 mol/kg⅐min Ϫ1 , obese vs. nonobese, P Ͻ 0.01, Fig. 3 ) and 45% lower skeletal muscle glucose uptake measured using [ 18 F]FDG-PET (31 Ϯ 6 vs. 56 Ϯ 7 mol/kg muscle⅐min Ϫ1 , respectively, P Ͻ 0.01, Fig. 3 ).
Adipose tissue mass
Abdominal adipose tissue mass measured with MRI was significantly larger in the obese than in the nonobese subjects in all abdominal depots (Fig. 4.) . In both groups, abdominal sc adipose tissue mass was 4-fold larger than the visceral fat mass.
Relationship between adipose tissue and whole-body glucose uptake
When adipose tissue glucose uptake per mass unit was multiplied by the adipose tissue mass and the uptake expressed per total abdominal adipose tissue, no differences could be found between the obese and the nonobese (Fig. 4) . There was an inverse relationship between fat mass in sc and visceral depots and the corresponding regional glucose uptake rates per mass unit (r ϭ Ϫ0.57, P ϭ 0.009 in sc adipose tissue and r ϭ Ϫ0.71, P ϭ 0.0007 in visceral adipose tissue, Fig. 5 ). Because the obese subjects had lower whole-body uptake rates and enlarged body fat masses, the relative contribution of abdominal adipose tissue compartments to the whole-body glucose uptake was greater in the obese (4.1% Ϯ 0.5%), compared with the nonobese subjects (2.6% Ϯ 0.4%, P Ͻ 0.02, obese vs. nonobese). Insulin-stimulated skeletal muscle glucose uptake measured with [ 18 F]FDG-PET correlated linearly and closely with whole-body glucose uptake measured by means of the insulin clamp method (Fig. 6) . Furthermore, visceral adipose tissue insulin-stimulated glucose uptake rates correlated significantly with whole-body glucose uptake (Fig. 6) . Consequently, visceral adipose tissue insulin-stimulated glucose uptake correlated with skeletal muscle glucose uptake in the pooled data. Also, a significant correlation between abdominal sc adipose tissue glucose uptake and whole-body glucose uptake (M value) during insulin-stimulated (clamp) conditions was found (r ϭ 0.55, P ϭ 0.01).
Adipose tissue blood flow
Rates of insulin-stimulated adipose tissue blood flow per kilogram tissue were lower in the obese than in the nonobese subjects in all abdominal fat depots (P Ͻ 0.05 in all depots, Table 2 ). Blood flow rate per kilogram tissue was highest in visceral adipose tissue in all subjects but was not statistically different from sc or perirenal adipose tissue. When adipose tissue perfusion was expressed as per total fat mass in abdominal region, the obese had higher sc and visceral perfusion per depot than the nonobese subjects (P Ͻ 0.05, obese vs. lean, Fig. 4 ). Insulin-stimulated adipose tissue glucose uptake rates correlated with the rates of insulinstimulated adipose tissue blood flow in abdominal sc adipose tissue (r ϭ 0.60, P Ͻ 0.01) and visceral adipose tissue (r ϭ 0.55, P Ͻ 0.05) in the pooled data.
Discussion
The present data show that insulin-resistant obese subjects have markedly decreased adipose tissue glucose uptake rates per kilogram of tissue during insulin stimulation both in visceral and sc fat depots, compared with the nonobese subjects. However, because of enlargement of the fat mass, the total amount of glucose taken up by abdominal fat depots is not reduced in the obese. Importantly, our data confirm that metabolic activity in visceral adipose tissue is higher than that in the sc depot both in the nonobese and obese subjects.
Previously, isolated adipocytes of obese individuals and patients with diabetes have been shown to be insulin resistant (16, 35, 36) , whereas the results obtained in vivo have been heterogeneous (13) (14) (15) . In the present study, glucose uptake per tissue mass was about 60% lower in obese than in lean subjects in all fat regions measured. Adipose tissue glucose uptake per kilogram tissue was slightly lower in abdominal sc areas, compared with the femoral region in the obese but not in the nonobese subjects. In accordance with earlier studies (1, 30, 37) , the obese subjects exhibited skeletal muscle insulin resistance and the glucose disposal rate was decreased indicating whole-body insulin resistance (Fig. 3) . Moreover, the rates of whole-body glucose disposal correlated directly with the glucose uptake both in skeletal muscle and adipose tissue.
Because rates of insulin-stimulated glucose uptake were measured with [
18 F]FDG-PET in a volume or mass unit of the tissue, associations between metabolic rates and fat masses could be studied. Glucose uptake per kilogram tissue was inversely and curvilinearly correlated with fat mass demonstrating a minimum uptake rate per mass unit at sc and visceral fat masses above approximately 4 and approximately 1 kg, respectively (Fig. 5) . This might reflect the loss of insulin action on glucose transport and postreceptor functions in adipocytes found in obese subjects (38, 39) and suggests that a continuous inhibition of the glucose uptake in the expanding cell until its minimum level is reached. However, when we thereafter calculated the adipose tissue glucose uptake rate as per the total fat depot, the regional glucose uptake per depot in sc, visceral, and perirenal regions turned out to be surprisingly similar in the obese and nonobese subjects (Fig. 4) .
Although the total amount of glucose taken up by abdominal adipose depots was similar in the obese and nonobese subjects, its relative proportion of whole-body glucose uptake was different. The proportion of glucose taken up in abdominal sc (2% vs. 1.3%, obese vs. nonobese, P Ͻ 0.05) and visceral areas (1.6% vs. 0.8%, respectively, P Ͻ 0.05) relative to the whole-body glucose uptake was higher in the obese than nonobese subjects. For the estimation of whole-body fat mass, we used skinfold measurements (34) . If we assume that the nonabdominal adipose tissue consists mainly of sc adipose tissue with glucose uptake rates per kilogram tissue similar to those of femoral sc adipose tissue, the average glucose uptake in total body adipose tissue (abdominal plus rest of the fat) would be 8% in the nonobese subjects and 13% in the obese subjects of the given glucose during the clamp. In the nonobese subjects, this is more than previously suggested (40) , whereas in the obese subjects, it is in the same magnitude as earlier shown (14, 40) .
The obese subjects had clearly higher plasma insulin concentrations during the clamp period than the lean subjects, probably reflecting their basal hyperinsulinemia or decreased insulin clearance (41, 42) . Because of this difference in insulin concentration, the insulin resistance of the adipose tissue in obese subjects may be even higher than suggested in the present study. Suppression of hepatic glucose production has been shown to be effective at the plasma insulin levels used in the present study (43, 44) . Insulin-stimulated glucose uptake rate per tissue mass was higher in visceral adipose tissue, compared with sc depot, regardless of the magnitude of obesity. Lipid uptake and mobilization have also been demonstrated to be more active in intraabdominal fat (5), indicating a more active metabolic role of visceral than sc fat depot. One reason for higher glucose uptake per tissue mass in visceral adipose tissue in comparison with sc adipose tissue may be different sizes of the adipocytes in these depots; visceral adipocytes are smaller than sc, and visceral fat contains more adipocytes per gram than sc fat (45) , which may facilitate glucose uptake. The mass of sc adipose tissue was, on average, 4-fold the mass of the visceral depot in both groups. Therefore, despite the fact that the intraabdominal visceral adipose tissue is metabolically more active than sc adipose tissue per tissue weight, the large sc adipose tissue depot is more important to whole-body glucose metabolism. Adipose tissue perfusion per kilogram tissue was decreased in obese subjects both in sc and visceral fat depots. Decreased adipose tissue blood flow rates have been reported earlier in obese subjects (12, 46, 47) . The thicker layer of sc adipose tissue in obese subjects could partly explain the lower rates of adipose tissue blood flow (48) . Although adipose tissue perfusion per adipose mass was significantly decreased in obese, total blood flow per total adipose fat depot was higher in obese than in nonobese in sc and visceral areas (Fig. 4) . This implies that perfusion is relatively more preserved than glucose uptake during the enlargement of adipose fat depot. It has been speculated that the delivery of insulin and glucose to the adipose tissue may be impaired in obesity and that this may, in part, explain the prevailing insulin resistance. However, interstitial concentrations of glucose and insulin are not decreased in obese subjects (22, 49) . Therefore, the decreased insulin-stimulated glucose uptake found in the enlarged adipocyte is likely to result from a cellular postreceptor defect residing in the glucose transporter proteins (10, 11, 50, 51) .
These results show that adipose tissue in obesity is insulin resistant if its metabolic rate is expressed per adipose tissue mass. Adipose tissue has a very specific capacity of increasing its mass by accumulating fat storage. We did not measure the size or weight of adipocytes and can only speculate on the possible cellular metabolic changes in the obese subjects. Obese subjects have shown to have fewer cells in the adipose tissue per gram than their nonobese controls (52) . This might explain the finding that the rates of glucose uptake per depot were similar in obese and nonobese. The inverse association between adipose tissue mass measured with MRI and adipose tissue metabolic rate per tissue weight measured directly with [ 18 F]FDG-PET was more exponential than linear (Fig. 5) , suggesting that the number of adipocytes was increased in subjects with more severe obesity. In the study of Jansson et al. (12) , the weight of adipocytes was doubled in abdominal sc in patients with BMI of 39 kg/m 2 , compared with lean patients. It may then, based on these measurements, be possible to get an estimate of the glucose uptake per cell number by dividing glucose uptake of a fat depot by a relative number of cells. Because total adipose glucose uptake rates per whole depot were similar in the two subject groups, the assumed difference in the number of adipocytes would mean that glucose uptake per an adipocyte would be about one-third lower in obese, compared with nonobese. This is in accordance with earlier in vitro findings (6, 16, 35, 36) . Moreover, adipose tissue blood flow has shown to be inversely correlated to cell size (12) , indicating that obesity impairs adipose tissue blood flow per mass unit. However, we show here that blood flow in the whole depot is significantly increased in the obese subjects, compared with the nonobese. If we further estimate the blood flow per cell as above, we would end up with a well-reserved blood flow as per cell in abdominal sc region. In accordance, earlier investigation has revealed evidence for a constant blood flow supply per cell in an expanding adipose tissue mass (53 Values are expressed as ml/100 g⅐min Ϫ1 .
FIG. 6.
Correlation between visceral adipose tissue and whole-body insulin stimulated glucose uptake (M value) and skeletal muscle and whole-body insulin stimulated glucose uptake (M value). Obese subjects are shown as , and nonobese subjects as E. Coefficients for correlation were calculated using Pearson's correlation test. In the pooled data, coefficient for correlation between M value and glucose uptake in visceral adipose tissue was r ϭ 0.71, P Ͻ 0.001 and between M value and glucose uptake in skeletal muscle it was r ϭ 0.86, P Ͻ 0.001.
water. The constant was found to be 1.14 (22) , which is close to the LC in skeletal muscle (1.2) determined earlier in three different studies with varying methodology (30, 54, 55) . Adipose tissue blood flow was measured using freely diffusible [ 15 O]-labeled water by means of the autoradiographic method previously validated for low perfusion levels (27) . In summary, the results of the present study demonstrate in man in vivo the active role of visceral adipose tissue in glucose metabolism. The insulin-stimulated glucose uptake and perfusion are impaired in obesity in all fat depots when expressed per adipose mass unit. However, because of the larger fat mass, total abdominal adipose tissue glucose uptake is not decreased in obese subjects. The contribution of adipose tissue to the whole-body insulin-stimulated glucose uptake is greater than earlier believed, and therapeutic interventions improving glucose disposal in fat depots may substantially affect the whole-body glucose disposal in obese subjects.
